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SEMICONDUCTOR DEVICE AND 
METHOD FOR MANUFACTURING SEMICONDUCTOR DEVICE 

CROSS REFERENCE TO RELATED APPLICATION 

This application is based on and incorporates herein by 
reference Japanese Patent Application No. 2001-120163 filed on April 
18, 2001. 

BACKGROUND OF THE INVENTION 

The present invention relates to a semiconductor device having 
an insulated gate. The present invention is applicable to a power 
MOSFET (Metal-Oxide-Silicon Field Effect Transistor), an IGBT 
(Insulated Gate Bipolar Transistor), or a thyristor. 

A power MOSFET having low ON-resistance was previously proposed 
by the present inventor. As shown in Fig. 14, the power MOSFET is 
has an n*-type substrate Jl making up an n*-type drain region and, 
an n"-type drift region J5 , a p-type base layer J4 , an n^-type source 
layer J3 , and a plurality of gate electrodes J2 . The gate electrodes 
J2 are plate-like and are embedded upright in the power MOSFET to 
divide the p-type base layer J4 and the n*-type source layer J3 into 
a plurality of p-type base regions J4 and a plurality of n*-type 
source regions J3, respectively. With this structure, channels are 
formed to extend in the lateral direction of Figure 14. 

The power MOSFET shows especially low ON resistance in the range 
between low and medium breakdown voltage. For example, when each 
gate electrode J2 has a depth of 30 micrometers, the power MOSFET 
has a correlation shown in Fig. 15 between normalized ON resistance 



and breakdown voltage. The power MOSFET has a lower normalized ON 
resistance than the theoretical limit of a vertical DMOS 
(double-diffused MOS) in the breakdown voltage range between about 
40 and 300 V. 

The power MOSFET described above is manufactured in the manner 
shown in Figs. 16A to 16E. As shown in Fig. 16A, a silicon oxide 
film J6 formed on a surface of the substrate Jl is defined using 
photolithography . The substrate Jl , when masked by the defined film 
J6, is etched to form a trench J7, as shown in Fig. 16B. The trench 
J7 is filled with the n~-type drift region J5 , the p-type base layer 
J4, and the n*-type source layer J3 in this order using an epitaxial 
growth technique, as shown in Figs. 16C and 16D. Afterward, the 
three layers above the level of the silicon oxide film J6 are removed. 
Although not illustrated, the power MOSFET is completed with the 
following steps or steps similar to the following steps. A 
plurality of trenches are formed to divide the p-type base layer 
J4 and the n*-type source layer J3 into a plurality of n*-type source 
regions J3 and a plurality of p-type base regions J4, respectively. 
A gate oxide layer is formed on the surface defining each trench. 
Then, each trench is filled with the gate electrode J2. 

After the trench J7 is filled with the layer J3, a crystalline 
defect or void tends to occur in the trench J7 because the surface 
of the layer J3 grows inwardly from the sidewall of the trench J7 
and joins, or meets itself, in the trench J7. if the crystalline 
defect or void is generated in the proximity of the gate oxide layer, 
the breakdown voltage of the gate is reduced. Figure 17 shows a 
structural modification, in which each gate electrode J2 is divided 



in two and the n'^-type source layer J3 is widened. This modification 
prevents the breakdown voltage from being reduced by the crystalline 
defect. However, this modification enlarges the size of the device 
and decreases the area of the channel . The normalized ON resistance 
increases due to the decreased area of the channel. 

In addition, the p-type base layer J4 is formed in the 
lightly-doped n*-type drift region J5 in the proposed power MOSFET, 
so the electric field is unfavorably concentrated at the bottom 
corner of the layer J4, as shown in Fig. 18, which is a simulation 
of electric field distribution when 80 V is applied to the drain. 

SUMMARY OF THE INVENTION 

The present invention has been made in view of the above 
problems with an object to prevent the breakdown voltage from being 
reduced without increasing the ON resistance and with another object 
to suppress the electric field concentration at the bottom corner 
of the layer J4 . 

In the present invention, a power MOSFET is fabricated from 
an n'^-type substrate having a top surface and a back surface, which 
is opposite to the top surface. A first trench is formed in the 
substrate at a predetermined depth from the top surface. A p-type 
base region is formed in the first trench. An n"-type drift region 
is formed in the p-type base region. An n*-type drain region is 
formed in the n"-type drift region. A second trenche is formed to 
pass through the p-type base region in a lateral direction. A gate 
insulating film is formed on a surface defining the second trench. 
A gate electrode is formed on each gate insulating film to fill the 



second trench. 

The n^-type drain region has a location where opposed parts 
of an epitaxial growth layer meet, thus the gate electrode does not 
need to be positioned to avoid this location. Therefore, the 
5 breakdown voltage is maintained without increasing the ON resistance. 
In addition, the n"-type drift region is formed in the p-type base 
region, so the electric field concentration at the bottom corner 
of the p-type base region is reduced. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
10 The above and other objects, features and advantages of the 

present invention will become more apparent from the following 

detailed description made with reference to the accompanying 

drawings . In the drawings : 

Fig. 1 is a perspective cross -sectional view of a power MOSFET 
15 according to the first embodiment of the present invention; 

Fig. 2 is a cross-sectional view of the power MOSFET according 

to the first embodiment showing the simulated electric field 

distribution; 

Figs. 3A to 3E are cross-sectional views of the power MOSFET 
20 in Fig. 1 showing fabrication steps, respectively, in order of their 
performance; 

Fig. 4 is a perspective cross-sectional view of a power MOSFET 
according to the second embodiment of the present invention; 

Fig. 5 is a perspective cross sectional view of the device in 
25 Figure 1 showing wiring interconnecting regions of the power MOSFET; 

Fig. 6 is a perspective cross-sectional view of a power MOSFET 



according to the third embodiment of the present invention; 

Fig. 7 is a perspective cross-sectional view of a power MOSFET 
according to the fourth embodiment of the present invention; 

Fig. 8 is a perspective cross-sectional view of a power MOSFET 
according to the fifth embodiment of the present invention; 

Fig. 9 is a circuit diagram in which the power MOSFET shown 
in Fig. 8 is used; 

Fig. 10 is a perspective cross-sectional view of a power MOSFET 
according to the sixth embodiment of the present invention; 

Fig. 11 is a perspective cross-sectional view of power MOSFET 
according to a modification of the sixth embodiment; 

Fig. 12 is a perspective cross-sectional view of a power MOSFET 
according to another modification of the sixth embodiment; 

Fig. 13 is a perspective cross-sectional view of a power MOSFET 
in which a RESURF region is combined with a power MOSFET that was 
previously proposed by the present inventor; 

Fig. 14 is a perspective cross-sectional view of the power 
MOSFET previously proposed by the inventor; 

Fig. 15 is a graph showing the correlation between normalized 
ON resistance and breakdown voltage; 

Figs. 16A to 16E are cross-sectional views of the power MOSFET 
in Fig. 14 showing the fabrication steps, respectively, in order 
of their performance; 

Fig. 17 is a perspective cross-sectional view of a proposed 
power MOSFET in which gate electrodes are formed to avoid crystalline 
defects and voids; and 

Fig. 18 is a cross-sectional diagram of the power MOSFET 



previously proposed by the inventor snowin, a simulated electric 
field distribution. 

DETAMD DESCRIPTIOH OF THE PREPERFED EMBODIMEOTS 

The present invention will be described in detail with 
5 reference to various e.a>odlMents , in which the same reference 
numerals designate same or similar parts. 

First Embodiment 

The structure of a power MOSFET in a first embodiment of the 
present invention will be described with reference to Fi,. 1. m 
10 Fi,. 1, the power MOSFET is fabricated from an n*-type substrate 
1 having a top surface la. or main surface, and a bacK surface lb. 
Which is opposite to the top surface Xa. The substrate 1 forms a. 
n^.type (first conduction type, source region that is homogeneously 
doped with any of phosphorus (P,, arsenic ,As,. and antimony ,sb,, 
15 Which are n-type Impurities, with a concentration ranging between 
1 X 10" and 1 X 10" cm-'. A trench 2 (first trench, is formed xn 
the substrate 1 with a predetermined depth from the top surface la. 
The depth ranges, for example, between 1 and 100 micrometers. A 
p.type (second conduction type, base region 3 having a thicKness 
.0 ranging between 0.1 and S micrometers is formed in the trench 2. 
The base region 3 is homogeneously doped with B (boron,, which xs 
a p-type Impurity, with a concentration ranging between 1 x lo" and 
1 . 10" cm-. A„ n--type (first conduction type, drift region 4, 
which has a predetermined thicKness for determining a desired 
as breaKdown voltage, is formed in the base region 3 . The drift region 
4 is homogeneously doped with phosphorous or arsenic at a 
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concentration ranging between 1 x 10^^ and 1 x 10^^ cm"^. An n^-type 
(first conduction type) drain region 5, the width of which ranges 
between 0 . 1 and 5 micrometers , is formed in the drift region 4 . The 
drain region 5 is homogeneously doped with phosphorous or arsenic 
5 at a concentration ranging between 1 x 10^® and 1 x 10^° cm"^. 

A plurality of trenches 6 (second trenches), which are 
substantially perpendicular to the top surface la, are formed to 
penetrate the p-type base region 3, as shown. A gate oxide film 

7 (gate insulating film) is formed on the surface that defines each 
10 trench 6. A gate electrode 8 is formed in the gate oxide film 7 

to fill each trench 6. 

In this structure, the n^-type source region, the p-type base 
region 3, the n"-type drift region 4, and the n'^-type drain region 
5 are layered in this order in a lateral direction as shown. The 

15 lateral layering occurs from the main surface la to approximately 
the depth level of the trench 6. The depths of the base region 3, 
the drift region 4, and drain region 5 are determined in response 
to the depth of the trenches 6, so the deeper the trenches 6 are, 
the deeper the base region 3 , the drift region 4 , and drain region 

20 5 are. Although not illustrated in Fig. 1, another oxide film is 
formed on the top surface la of the substrate 1 . The gate electrode 

8 is defined on the oxide film. Although not illustrated in Fig. 
1, a drain electrode is formed on an interlayer insulating film 
covering the gate electrode 8. 

25 When positive voltage is applied to the gate 8, electrons are 

drawn toward the gate oxide film 7 in the vicinity of the surface 
of the base region 3 adjacent to each trench 6, and a channel region. 



which is an inverted region of the p-type base region 3, is formed. 
The lateral dimension of the channel region extends in the vertical 
direction of Fig. 1. That is, the channel region extends in the 
lateral direction of Fig. 1. A drain current is conducted between 
5 the substrate 1 and the drift region 4 in a direction parallel to 
the substrate surface la. The width, or lateral dimension, of the 
channel region is approximately equal to the depth of the trenches 
6, because the n"^-type source region and the base region 3, the drift 
region 4, and the drain region 5 are layered in this order from the 

10 surface la to substantially the depth level of the trenches 6. 
Therefore, the channel resistance is reduced by deepening the 
trenches 6 without enlarging the area of each unit cell. Thus the 
ON resistance of the power MOSFET is lower. 

In this power MOSFET, the n~-type drift region 4 is formed in 

15 the p-type base region 3, so the electric field concentration at 
the bottom corner of the base region 3 is reduced, as shown by the 
simulated electric field distribution in Fig. 2. The simulation 
is done with the assumptions that the base region 3 is doped with 
boron with a concentration of 1 x 10^^ cm"^, the region 4 is doped 

20 with phosphorous with a concentration of 1 x 10^^ cm"^, and that 80 
V is applied to the drain D. 

The method for fabricating the power MOSFET according to the 
first embodiment will be described in detail with reference to Figs. 
3A to 3E. As shown in Fig. 3A, a silicon oxide film 11 is formed 

25 on the top surface la of the substrate 1 by thermal oxidization or 
CVD (chemical vapor deposition) . A predetermined area of the film 
11, where the trench 2 is formed, is opened using photolithography. 



as shown in Fig. 3A. After patterning the film 11, the substrate 

1 masked by the patterned film 11 and etched by, for example, 10 
to 100 micrometers to form the trench 2, as shown in Fig. 3B. Dry 
etching or wet etching may be used to form the trench 2. 

5 A p-type film 12 for the p-type base region 3 is deposited on 

the wall defining the trench 2. The film 12 is formed by epitaxial 
growth^ so the p-type base region 3 has a substantially uniform 
thickness and a substantially homogeneous impurity concentration 
distribution. An n"-type film 13 for the n"-type drift region 4 is 

10 deposited to cover the film 12, as shown in Fig. 3C. The film 13 
is also formed by epitaxial growth, so the n'-type drift region 4 
has a substantially uniform thickness and a substantially 
homogeneous impurity concentration distribution. An n*-type film 
14 for the n^-type drain region 5 is deposited to cover the film 

15 13 and fill the trench 2, as shown in Fig. 3D. The film 14 is also 
formed by epitaxial growth, so the n^-type drain region 5 has a 
substantially uniform thickness and a substantially homogeneous 
impurity concentration distribution. 

Afterward, the substrate 1 is polished from the top surface 

20 la to remove the three film layers 12, 13, and 14 above the level 
of the silicon oxide film 11 and to form the base region 3, the drift 
region 4, and drain region 5, as shown in Fig. 3E. The base region 
3, the drift region 4, and drain region 5 are layered in the trench 

2 on the basis of the thicknesses of the three films 12, 13, and 
25 14. Although not illustrated, the power MOSFET is completed by the 

following processes. A plurality of trenches 6 are formed by 
selectively etching the substrate 1 from the top surface la. The 



gate oxide film 7 is formed on the surface that defines each trench 
6. Then, each trench 6 is filled with n*-type polycrystalline 
silicon to form the gate electrode 8. The drain electrode, which 
is connected to the n*-type drain region 5, is formed on the top 
surface la, A source electrode, which is connected to the n*-type 
source region, is formed on the back surface lb. Subsequently, a 
wiring is formed to connect the gate electrodes 8 to an external 
terminal. Finally, the top surface la is coated with a passivation 
film. 

In this fabrication process, a void can be formed in the drain 
region 5 when each trench 2 is filled with the film 14 because the 
surface of the film 14 grows inwardly from the surface of the film 
13 to join in the trench 2. However, each gate electrode 8 is formed 
to extend from the n^-type source region to the drift region 4 and 
to pass through the base region 3 without intersecting the drain 
region 5. This prevents the breakdown voltage from being reduced 
by a crystalline defect or a void. 

Second Embodiment 

As shown in Fig. 4, a power MOSFET according to a second 
embodiment includes an embedded metal layer 20, which electrically 
connects the n^-type source region 1 and the p-type base region 3 
to apply the same potential to the n*-type source region 1 and the 
p-type base region 3. In the power MOSFET according to the first 
embodiment, the n^-type source region 1 and the p-type base region 
3 are electrically connected using a metal wiring 25, as shown in 
Fig. 5. To connect the n^-type source region 1 and the p-type base 
region 3, a plurality of contact holes are formed in the interlayer 



Insulating film and the metal wiring 25 is located in the contact 
hole. Therefore, the layout of the drain electrode is limited by 
the wiring 25. However, according to the second embodiment, this 
limitation is avoided by forming the metal layer 20. 
5 Third Embodiment 

As shown in Fig. 6, a power MOSFET according to a third 
embodiment includes a first embedded metal layer 20, the depth of 
which is close to that of the drain region 5, and a second embedded 
metal layer 2 1 located in the drain region 5 . The depth of the second 

10 embedded metal layer 21 is close to that of the first embedded metal 
layer 20 . With this structure, the resistances of the n^-type source 
region 1 and the drain region 5 are reduced. The power MOSFET in 
this embodiment is manufactured by forming a plurality of trenches 
extending from the top surface la at a boundary between the n^-type 

15 source region 1 and the p-type base region 3 and in the region 5 
after the process shown in Fig. 3E. Then, the trenches are filled 
with the metal layers 20 and 21. 
Fourth Embodiment 

As shown in Fig. 7, a power MOSFET according to a fourth 
20 embodiment has a metal film 30, which electrically connects the 
n*-type source region 1 and the p-type base region 3, covering the 
back surface lb. The power MOSFET of this embodiment is 
manufactured by polishing the back surface lb until the base region 
3 emerges and then depositing the metal film 30 on the back surface 
25 lb. This structure produces the advantages and effects of the 

second embodiment. In addition, the resistance of the substrate 
1 is decreased due to its reduced thickness. 



Fifth Embodiment 

The power MOSFET devices of the first four embodiments each 
have a single cell in a single chip. However, a power MOSFET 
according to a fifth embodiment has a plurality of cells in a single 
5 chip. The cells are integrated into one element or a plurality of 
elements. For example, the power MOSFET shown in Fig. 8 has two 
elements, each of which has two cells. In Fig. 8, two cells share 
the n*-type source region. The substrate 1 has a pair of trenches 
2a and 2b. The trenches 2a and 2b are respectively filled with p-type 

10 base regions 3a and 3b, n"-type drift regions 4a and 4b, and n*-type 
drain regions 5a and 5b. Gate insulating films 7a and 7b are 
respectively formed on sidewalls defining trenches 6a and 6b. Gate 
electrodes 8a and 8b are respectively embedded in the trenches 6a 
and 6b. The power MOSFET shown in Fig. 8 is usable, for example, 

15 to form a pair of lower side switches 41 in an H-bridge circuit for 
driving a motor 40, as shown in Fig. 9. 
Sixth Embodiment 

A power MOSFET according to a sixth embodiment is embedded with 
a p-type (second conduction type) RESURF layer 50 to increase the 

20 breakdown voltage. The RESURF layers 50 extend from the top surface 
la toward the back surface lb in the n'-type drift region 4. The 
power MOSFET in Fig. 10 has a plurality of RESURF layers 50 located 
in a row at regular intervals as shown. The width and the impurity 
concentration of the RESURF layers 50 are determined to deplete 

25 completely the region 4 with depletion layers extending outwardly 
from the RESURF layers 50 when the power MOSFET is switched off. 
The breakdown voltage of the MOSFET is increased by the depletion 
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layers. The power MOSFET in this embodiment is manufactured by 
forming a plurality of trenches extending from the top surface la 
in the n"-type drift region 4 after the process shown in Fig. 3E 
and then filling the trenches with the RESURF layers 50. The RESURF 
5 layers 50 shown in Fig. 10 are formed to avoid contacting the p-type 
base region 3 and the n'*^-type drain region 5. However, the RESURF 
layers 50 may contact the base region 3 and the drain region 5, as 
shown in Figs. 11 and 12. 

The RESURF layers 50 ( J6) may be used in the power MOSFET shown 

10 in Fig. 14, which was previously proposed by the inventor of the 
present invention. However, in that case, a plurality of RESURF 
layers J6 are formed in the n"-type drift region J5 in two rows, 
as shown in Fig. 13, so the distance between the two rows of the 
RESURF layers J6, which are separated by n^-type source region J3 

15 and the p-type base region J4, is so large that the RESURF layers 
J6 cannot completely deplete the bottom area of the region J5, and 
the electric field is concentrated at the bottom area. In contrast, 
the distance between the rows in the power MOSFET of Figure 12 is 
small enough to deplete completely the bottom area of the drift 

20 region 4. Therefore, the RESURF layers J6 do not increase the 

breakdown voltage in the power MOSFET shown in Fig. 13 as effectively 
as the RESURF layers 50 in the embodiment of Figure 12. 

In the power MOSFET devices of Figs 10-12, although the 
breakdown voltage would be worsened by increasing the impurity 

25 concentration of the n"-type drift region 4, the ON resistance would 
be decreased. Therefore, the power MOSFET devices of Figs 10-12 
have a lower ON resistance than the device shown in Fig. 13 when 

13 



the breakdown voltage of the power MOSFET in Fig. 13 is adjusted 
to that of the one shown in Fig. 13 by increasing the impurity 
concentration . 

Further Modifications 
5 In the illustrated embodiments^ the present invention is 

applied to n-channel power MOSFET devices. However, the present 
invention is also applicable to a p-channel power MOSFET, in which 
each region is the opposite conduction type from that shown. In 
addition, the present invention is also applicable to an IGBT or 
10 a thyristor, in which the n^-type drain region 5 is replaced with 
a p"*^-type region. In this case, as a matter of course, each region 
can be the opposite conduction type. 
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